ABSTRACT The objectives of this study were to determine the effects of low or high feed efficiency (FE) on a) protein oxidation, b) the activities of various respiratory chain complexes, and c) expression of various mitochondrial proteins in male broilers within a single genetic line. Tissue homogenate or mitochondria were isolated from breast muscle of broilers with high (0.80 ± 0.01) and low FE (0.62 ± 0.02). The complex activities were measured spectrophotometrically, and the levels of oxidized protein (carbonyl) and immunoreactive mitochondrial proteins were analyzed using Western blots. Protein carbonyl levels were higher in low FE compared with high FE broilers breast muscle, which indicated enhanced protein oxidation in low FE mitochondria. Activities of all respiratory chain complexes (I, II, III, IV) were higher in high FE
INTRODUCTION
Feed efficiency (FE) remains one of the most important traits in commercial animal breeding programs, as feed represents 50 to 70% of the cost of raising an animal to market weight. Improvements of 250 to 350% in BW and FE have been observed in contemporary broiler strains when compared with a 1957 random bred control population (Havenstein et al., 1994 (Havenstein et al., , 2003 Chapman et al., 2003) . Despite marked improvement in these traits, there remains a significant variation of 10% in FE in broilers (Emmerson, 1997) . As mitochondria are responsible for producing 90% of the energy for the cell, some variations in broiler growth performance and phenotypic expression of FE (Emmerson, 1997) may be due to differences or inefficiencies in mitochondrial function. Several studies have reported differences in mitochondrial oxygen consumption among vari-2004 Poultry Science Association, Inc. Received for publication August 27, 2003 . Accepted for publication October 15, 2003. 1 To whom correspondence should be addressed: iqbal@uark.edu. 474 compared with low FE broilers for breast mitochondria. Whereas the expression of immunoreactive proteins was higher in low FE muscle mitochondria for 5 mitochondrial proteins [core I, cyt c1, cyt b (complex III), COX II (cytochrome c oxidase subunit II, complex IV), and adenine nucleotide translocator (ANT1)], there were no differences between groups in the expression of 9 other respiratory chain protein subunits associated with complexex I, II, III, IV, and V. SDS-PAGE revealed a protein band of 47 kDa that was expressed at a higher level in low FE compared with high FE mitochondria. The differential expression of certain mitochondrial proteins and the 47-kDa band might be a compensatory response either to the lower complex activities or increased protein oxidation observed in low FE birds. ous breeds of chickens (Mukherjee et al., 1970; Dziewiecki and Kolataj, 1976; Brown et al., 1986) , sheep and swine (Wolanis et al., 1980; Dzapo and Wassmuth, 1983) , and with various dietary manipulations (Renner et al., 1979; De Schrijver and Privett, 1984; Toyomizu et al., 1992a, b, c) . However, recently an inextricable link between mitochondrial function and phenotypic expression of FE within a single breed of animals fed the same diet has been reported in chickens and rats (Lutz and Stahly, 2003) .
The respiratory chain, located on the inner mitochondrial membrane, comprises a series of electron carriers grouped into 4 multisubunit enzyme complexes ( Figure 1 ): complex I (NADH: ubiquinone oxidoreductase, EC 1.6.5.3), complex II (succinate: ubiquinone oxidoreductase, EC 1.3.5.1), complex III (ubiquinol: ferricytochrome c oxidoreductase, EC 1.10.2.2), and complex IV (ferrocytochrome c: oxidoreductase or cytochrome c oxidase, EC 1.9.3.1) (Hatefi, 1985) . The structural and functional integrity of these complexes are important for optimal function of mitochondria in providing energy for various cellular processes in the body. Bottje et al. (2002) reported that the activities at complexes I and II, and the respiratory control ratio (RCR), an index of respiratory chain coupling, were lower in low FE compared with high FE birds.
Mitochondrial respiratory complexes are not single entities but rather are the assemblies of multiprotein subunits (Figure 1 ). The expression of respiratory chain proteins is under the control of both nuclear (n) and mitochondrial (mt)DNA (Wei, 1998) . The relative balance of mt-and nDNA encoded protein subunits appear to be important for normal functioning of mitochondria (Nijtmans et al., 2002) . The genome is found in every nucleated cell with 2 to 10 copies per mitochondrion, and as many as 800 mitochondria (e.g., in hepatocytes) can be present within a cell (Robin and Wang, 1988) . Elevated reactive oxygen species (ROS) can cause DNA mutations and lead to mistranslated proteins and RNA (Wei, 1998) . Mitochondrial DNA encodes 22 tRNAs, 2 rRNAs, and 13 proteins that are all subunits of various respiratory chain complexes (Anderson et al., 1981; Desjardin and Morais, 1990) . A diagram depicting mt-and nDNA encoded protein subunits is provided in Figure 1 . Because of its close proximity to the respiratory chain and lack of protective histones, mtDNA is considered to be more susceptible to oxidation than nDNA 3 Cobb-Vantress, Inc., Three Spring Farm, OK. (Wei, 1998) . Recently, Wallace (1999) reported that the restricted availability of mtDNA encoded subunits or the occurrence of incorrect subunits accounted for diminished activities of the respiratory chain complexes and respiration capacity of the mitochondria. Because increased mitochondrial ROS has been reported in low FE mitochondria isolated from breast muscle , we hypothesize that oxidative damage to proteins in general and respiratory chain protein subunits in particular might be responsible, in part, for the reduced activities of the respiratory chain complexes in low FE birds .
Thus, one objective of this study was to assess the extent of protein oxidation reflecting different inherent abilities to cope with the oxidative stress in low or high FE birds. A second objective was to extend earlier findings by assessing the activities of all the respiratory chain complexes (I through IV) in muscle mitochondria of broilers with different feed efficiencies. A third objective was to determine the differences in protein expressions in low and high FE mitochondria.
MATERIALS AND METHODS

Birds and Sampling
Male broilers with low and high FE (n = 8/group) were selected from a group of 100 that were tested for FE in a breeder male replacement stock 3 as previously described . Briefly, broilers were acclimated to single-bird cages for 1 wk. Then FE was calculated from the increase in BW, and net feed consumption was calculated for the 42-to 49-d interval. The FE was not measured over the entire 1-to 49-d interval. The birds were provided access to water ad libitum and to a diet containing 20.5% protein with 3,280 kcal/kg energy. Birds were randomly selected and euthanized with an overdose of sodium pentobarbital by i.v. injection into the caudal tibial vein. Researchers conducted these studies without the knowledge of FE data until after the studies were completed. Portions of the breast muscle (pectoralis superficialis) were obtained for isolation of mitochondria (see below), and a portion of the muscle was immediately frozen in liquid nitrogen for homogenate and biochemical analyses.
Tissue Homogenate/Mitochondrial Isolation
Mitochondria were isolated from breast muscle (Bhattacharya et al., 1991) with modifications . Breast muscle (∼7 g) was excised rapidly, finely minced in isolation medium A (100 mM sucrose, 10 mM EDTA, 100 mM Tris-HCl, and 46 mM KCl, pH 7.4), and incubated at room temperature (25°C) in 14 mL of isolation medium A containing nagarase 4 (0.02%) for 5 min. The minced tissue was homogenized in a Potter-Elvenhjem vessel with a Teflon pestle of 0.16-mm clearance, 5 centrifuged at 1,000 × g for 10 min, and strained through a double layer of cheesecloth. A portion of homogenate was frozen in liquid nitrogen and stored at −80°C. Mitochondria were isolated from homogenate following an additional 5-min incubation on ice (4°C) with stirring. After cellular debris was discarded, the supernatant was centrifuged (10,000 g × 15 min) to obtain the mitochondrial pellet that was then resuspended and washed in 10 mL of isolation medium A plus 0.5% BSA (without nagarase). Mitochondria were pelleted by centrifugation (8,000 g × 15 min) in incubation medium (230 mM mannitol, 70 mM sucrose, 20 mM Tris-HCl, and 5 mM KH 2 PO 4 , pH 7.4). The resulting pellets were resuspended in 2 mL of incubation medium and frozen in liquid nitrogen for subsequent biochemical analyses.
To verify the purity of the mitochondria isolated with the methods described above, lactate dehydrogenase (a cytosolic marker enzyme) and citrate synthase (a mitochondrial marker enzyme) activities were assessed in mitochondrial and cytosolic fractions as previously described (Almeida and Medina, 1998 Fuji Photo Co., Ltd., Tokyo, Japan.
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Bio-Whittaker Molecular Applications (BMA), Rockland, ME. that in total homogenates, whereas citrate synthase activity in the mitochondrial fraction was 3-to 4-fold higher than in homogenate, which means that isolated mitochondria contained minimal cytosolic contamination.
Protein Oxidation and Respiratory Chain Subunits
SDS-PAGE and Western Blots. Mini SDS-PAGE and Western blots were used for the detection of mitochondrial protein oxidation (carbonyl) and respiratory chain subunits expression using isolated mitochondria and homogenate of breast muscle, respectively. Proteins were separated with SDS-PAGE on 10% gels using the methods described by Laemmli (1970) , and proteins were transferred either onto nitrocellulose (0.45 µm) or polyvinylidene difluoride (PVDF) 6 membranes in a submerged system using Hoefer transfer units 7 (Pumford et al., 1990 ). For SDS-PAGE, proteins were separated with a 10% polyacrylamide gel in Tris-HCl buffer using a Hoefer electrophoresis mini-gel system 8 at 100 V for 50 to 60 min. After electrophoresis, gels were soaked in transfer buffer (120 mM glycine, 15 mM Tris, and 20% (vol/vol) methanol, pH 8.3) and electroblotted onto the membranes (nitrocellulose or PVDF) at 80 V overnight and 100 V for 1 h in the morning (Pumford et al., 1990) .
Immunoblots for Mitochondrial Proteins. Blots were developed using specific primary antibodies for respiratory chain protein subunits and protein carbonyls using a peroxidase-based chemiluminescence detection system. Briefly, blocked blots were incubated at room temperature for 1 to 2 h or overnight with primary antibodies diluted in buffer containing 0.5% casein, 150 mM NaCl, 10 mM Tris, and 0.02% sodium ethylmercurithiosalicylate (thimerosal, pH 7.6). Most of the primary antibodies (mono-or polyclonal) for respiratory chain subunits used in this study were generous gifts from other laboratories; 8 a list and dilutions of antibodies are provided in Table  1 . Primary antibody for adenine nucleotide translocator (ANT1) 9 was used in the dilution of 1:300. After incubation once with primary antibodies, blots were washed with detergent buffer (0.5% casein, 150 mM NaCl, 10 mM Tris 0.02% thimerosal, 0.1% SDS, 5% Triton X-100) and twice with washing buffer (0.5% casein, 150 mM NaCl, 10 mM Tris 0.02% thimerosal) for 5 min each, and rinsed with distilled deionized H 2 O (3 times) before and after incubation with detergent or washing buffers. Blots were incubated for 90 min with appropriate peroxidase-labeled secondary antibodies (goat anti-mouse IgG 4 or rabbit antisera 10 ) and then washed extensively with detergent, washing buffers, and Tris-saline. Blots were treated with substrate (SuperSignal West Dura Extended Duration) 11 for 5 min, and chemiluminescence bands were detected using a charge-coupled device (CCD) camera (Fuji LAS 1000plus).
12 The molecular weights of separated proteins were estimated by comparison with ProSieve color molecular weight standards 13 run in parallel. For internal controls, mouse anti-glyceraldehyde-3 phosphate dehydro- Gift from R. Doolittle (University of California, San Diego, CA); NAD = nicotinamide adenine dinucleotide, URF = unidentified reading frame. genase (GAPDH) 14 or glutamate dehydrogenase (GDH) antibodies were used. Bands were quantified using a computer software Scion.
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Immunoblots for Protein Carbonyls. Protein carbonyl contents were measured in the current study and from tissue collected from a previous study . Protein carbonyl was determined using a reaction of dinitrophenyl hydrazine (DNP) with carbonyls (aldehydes and ketones) on proteins using methods described by Keller et al. (1993) with modifications. Briefly, protein carbonyl formation was detected in a Western blot format; proteins were separated by SDS-PAGE (see above), then transferred onto PVDF membranes, and incubated in 1 volume of 20 mM 2,4-dinitrophenyl hydrazine in 10% (vol/vol) trifluoroacetic acid and 2 volumes of 12% SDS. After 15 min, 1.5 volumes of 2 M Tris-base was added and further incubated for 20 min. Blots were developed as described above for Western blots using anti-dinitrophenyl antiserum (1:1,000 dilution) 4 with a peroxidasebased chemiluminescence assay.
Protein Banding Pattern. The proteins were separated using SDS-PAGE (see above), and the gels were stained with Coomassie blue (R-250) 16 for 1 h. The gels were then destained with methanol-acetic acid to get the appropriate contrast and scanned for intensity analysis using Agfa (Arcus II) scanner; 17 images were saved for permanent records. The intensity of the protein bands was quantitated using Scion software.
Respiratory Complex Activities
The activities of the respiratory chain complexes were assessed using a ultraviolet spectrophotometer. 18 The respiratory chain complex activities are expressed in units of activity per minute per milligram of mitochondrial protein.
Complex I Activity. described by Galante and Hatefi (1978) with modifications . Briefly, the activity was measured by following the oxidation of NADH. Approximately 100 µg of mitochondrial protein was added to a solution containing 50 mM Tris-HCl and 1.3 mM 2,6 dichloroindophenol (DCIP) in a final volume of 1 mL. The reaction was initiated with the addition of 15 mM NADH. Absorbance at 600 nm was monitored for 10 min to follow the rate of oxidation of NADH, and activity was determined using an extinction coefficient factor (€ = 21 mM −1 /cm). Complex II Activity. The activity of complex II (succinate: ubiquinone oxidoreductase) was determined by following the reduction of DCIP by dihydroubiquinone-2 (CoQ 2 ) as described by Hatefi and Stiggall (1978) . Mitochondria (∼100 µg of protein) were added to a solution containing 74 µM DCIP and 50 µM coenzyme Q 2 . The reduction of DCIP was followed at 600 nm as a function of time until about 80% of the dye was bleached. The activity was calculated with an extinction coefficient factor (€ = 21 mM −1 /cm). Complex III Activity. The activity of complex III (ubiquinol: ferricytochrome c oxidoreductase) was measured by the rate of reduction of cytochrome c by uiquinol-2 (Hatefi, 1978) . Mitochondria (∼40 µg of protein) were added to a solution containing 35 mM KH 2 PO 4 , 5 mM MgCl 2 , 3 mM KCN, 0.25% BSA, 15 µM cytochrome c (III), and 1 µM rotenone in a final volume of 1 mL. The reduction of cytochrome was at 550 nm for 10 min and enzyme activity was calculated with an extinction coefficient factor (€ = 19.2 mM −1 /cm). Complex IV Activity. The activity of complex IV (ferrocytochrome c: oxidoreductase) was measured according to Galante and Hatefi (1978) and was carried out by evaluating the oxidation of cytochrome c as a decrease in absorbance at 550 nm. Cytochrome c was reduced by adding 50 µM to 0.1 M dithionite containing 10 mM Tris-HCl. The reaction mixture contained 35 mM KH 2 PO 4 , 5 mM MgCl 2 , 3 mM KCN, 0.25% BSA, 15 µM reduced cytochrome c, and 1 µM rotenone to a final volume of 1 mL. The reaction was initiated by adding mitochondria (∼40 µg of protein), and the oxidation was followed at 550 nm for 10 min. The activity was calculated with an extinction coefficient factor (€ = 19.2 mM −1 /cm). 
Statistical Analyses
Data are presented as the mean ± SE, and the means were compared by t-test using JMP IN 19 statistical analysis software. A probability level of P ≤ 0.05 was considered statistically significant unless stated otherwise.
RESULTS
Growth performance data of broilers used in this study are provided in Table 2 . The FE (g of gain/g of feed) were 0.62 ± 0.01 and 0.80 ± 0.01 for low and high FE groups, respectively. Although feed intake was not different between low and high FE broilers, high FE broilers gained more weight. Weight gain in high FE broilers was truly the function of FE as feed intake was not different between the groups. As expected, feed conversion ratios (g of feed/g of gain) were also significantly different between high and low FE groups ( Table 2) .
The level of protein carbonyl, an indicator of protein oxidation, was higher in mitochondria isolated from breast muscle of low FE compared with high FE broilers in both experiments. When expressed as a percentage of high FE, low FE birds had 81% more protein carbonyls, which indicated higher oxidative stress in low FE birds (Figure 2 ). Low FE birds exhibited higher levels of variance compared with high FE birds.
The activities of complex I, II, III, and IV were all lower in low FE mitochondria compared with those in high FE mitochondria isolated from breast muscle (Figure 3) . When expressed as a percentage of high FE, low FE complex activity ranged from 60% lower (for complex IV) to 22% lower (for complex I) with 32 and 29% reductions for complexes III and II, respectively.
Because the activities of the respiratory chain complexes could be related to expression of proteins within the individual complexes, several protein subunits in the respiratory chain complexes were detected using specific antibodies; 6 proteins were detected for complex I [NAD3, NAD4, NAD5, NAD6 URF C, NAD6 URF L, NAD7 encoded subunit)]. There were no differences between high and low FE mitochondria in the expression of all 5 proteins in complex I, in the expression of 70 S subunit of complex II, or the subunit of the complex V (Table 3) . Within complex III, higher expression of core I, cyt c1, and cyt b was observed in low FE mitochondria, but there were no differences in expression of ISP or core II between groups (Figure 4) . The steady state level of COX II in complex IV was also higher (P = 0.06) in low FE mitochondria compared with high FE mitochondria (Figure 4) .
There is evidence of other proteins besides respiratory chain proteins that are differentially expressed in low and high FE tissue. For example, the adenine nucleotide translocator 1 (ANT1) in the inner mitochondrial membrane was significantly higher in low compared with high FE broilers ( Figure 5 ).
The protein expression pattern using SDS-PAGE was also different between low and high FE birds. A 47-kDa protein was expressed at higher concentrations in low FE broilers compared with high FE broilers ( Figure 6 ) and inversely correlated (r 2 = 0.45) with high FE. No significant correlations existed between FE and the other parameters measured in this study.
DISCUSSION
There are numerous studies that have provided evidence of a relationship between mitochondrial function FIGURE 2. Protein carbonyl contents (pixel intensity in arbitrary units, AU) in breast mitochondria obtained from low and high feed efficiency (FE) broilers. Each bar represents the mean ± SE for high FE (n = 13) and low FE (n = 12). *P = 0.05. FIGURE 3. The activities of mitochondrial respiratory chain complexes (I, II, III, and IV) in breast mitochondria obtained from broilers with high and low feed efficiency (FE). Each bar represents the mean ± SE for high FE (n = 7) and low FE (n = 5). *P = 0.04; **P = 0.01; ***P = 0.001. and FE (Mukherjee et al., 1970; Dziewiecki and Kolataj, 1976; Renner et al., 1979; Wolanis et al., 1980; Dzapo and Wassmuth, 1983; De Schrijver and Privett, 1984; Brown et al., 1986; Toyomizu et al., 1992a,b,c) . However, in all cases differences in mitochondrial function and FE were due to breed or dietary factors. To our knowledge, the present study and recent ones with broiler males Iqbal et al., 2003; Ojano-Dirain et al., 2003) and rats (Lutz and Stahly, 2003) are the only ones in which relationships between mitochondrial function and the phenotypic expression of FE have been investigated.
Weight gain in high FE broilers was truly the function of FE, as feed intake was not different between the groups (Table 2 ). These data are remarkably similar to those reported previously . In that study, it was reported that the activities of complexes I and II of the respiratory chain and the RCR, an index of respiratory chain coupling, were lower in low FE mitochondria and that the generation of ROS was higher in low FE compared with high FE breast muscle mitochondria. Thus, the present study was conducted to continue this investigation in an effort to understand the fundamental mechanisms responsible for these observations.
Within the cell, mitochondria are both a target and source of free radicals (Ames et al., 1993; Drogue, 2002; Stewart and Heales, 2003) . The proximity of the respiratory chain to the relatively unprotected mtDNA and accessory proteins required for transcription makes mitochondrial transcription vulnerable to oxidative stress FIGURE 6. A 47-kDa-protein band in breast muscle mitochondria isolated from low and high feed efficiency (FE) broilers. Representative 47-kDa protein band stained with Commassie blue is shown (arrow) above the respective bars. AU = arbitrary units. Each bar represents the mean ± SE for high FE (n = 7) and low FE (n = 5). *P = 0.05. 2 NAD = nicotinamide adenine dinucleotide subunits 3 to 7; URF = unidentified reading frame; 70 S = 70 subunit in complex II; FP = flavoprotein. (Wei, 1998) . Mitochondrial inefficiency may occur as a result of leakage of electrons from the respiratory chain. Rather than being completely reduced to water, ∼ 4% of oxygen consumed by mitochondria may be incompletely reduced to ROS such as superoxide (O 2 • − ) and hydrogen peroxide due to univalent reduction of oxygen by electrons (Boveris and Chance, 1973; Chance et al., 1979) . The mitochondrial formation of ROS makes this organelle a major source of oxidative stress in the cell. If not removed by antioxidants, oxidation of critical structures in the mitochondria or cell or both, such as lipids, proteins and DNA, can lead to further inefficiencies that accentuate additional ROS generation. Therefore, damage to one or more of the respiratory chain complexes may lead to impairment of cellular adenine triphosphate (ATP) synthesis. However, each of the complexes exert varying degrees of control over respiration, and substantial loss of activity of an individual respiratory chain complex may be required before ATP synthesis is compromised (Davey and Clark, 1996; Stewart and Heales, 2003) . Free radicals also cause oxidant-mediated repression of mitochondrial transcription that exacerbates mitochondrial dysfunction by inhibiting synthesis of respiratory chain proteins (Kristal et al., 1994 (Kristal et al., , 1997 .
Increased mitochondrial ROS production and dysfunction (lower RCR) have been reported in several tissues in broilers with pulmonary hypertension syndrome (Iqbal et al., 2001a,b; Cawthon et al., 2002; Tang et al., 2002) and in broilers with low FE . The level of protein carbonyl, an indicator of protein oxidation (Stadtman and Levine, 2000) , was higher in mitochondria isolated from breast muscle of low FE compared with high FE broilers (Figure 2) . The higher level of protein carbonyl in the current study is consistent with the earlier study in which mitochondrial ROS production was higher in low FE birds .
The importance of protein oxidation in low FE broilers may be similar to that found with aging and a number of diseases; e.g., Alzheimer's, Parkinson's, and diabetes. Oxidation of several proteins have been identified in Alzheimer's and provide insight into the etiology of this disease (Butterfield and Lauderback, 2000; Castegna et al., 2002a,b) . Modulation of oxidative stress by caloric restriction has been reported in broilers (Iqbal et al., 1999) . Caloric restriction decreased mitochondrial ROS production as well as age-associated oxidative stress and mitochondrial protein and DNA oxidation (Sohal and Weindruch, 1996; Weindruch et al., 2001; Gredilla et al., 2001a,b; Lopez-Torres et al.,; Sohal, 2002) . Furthermore, fully fed rhesus monkeys had higher protein oxidation compared with monkeys on calorie restriction (Zainal et al., 2000) . Similarly, mitochondrial proteins (aconitase and adenine nucleotide translocase, ANT) have been reported to be oxidatively modified with age (Yan et al., 1997; Yan and Sohal, 1998; Das et al., 2001 ). As broilers with low FE exhibit increased ROS when compared with age-matched high FE broilers from the same genetic line , the mechanism(s) involved in low FE may be similar to that of aging and certain diseases such as Alzheimer's.
The measurements of activities of all the respiratory chain complexes (I, II, III, IV) were an extension of a previous study in which only the activities of the complexes I and II were measured . Similar to that study , the activities of complexes I and II as well as complexes III and IV were significantly decreased in mitochondria isolated from breast muscle from low FE broilers compared with high FE broilers (Figure 3 ). Thus, a consistent finding in both studies is that there was a general suppression of respiratory chain complex activity as well as lower respiratory chain coupling in low FE mitochondria in both studies.
One potential explanation for the lower complex activities in low FE broilers could be the resulting direct oxidative damage to the respiratory chain protein subunits. The increased level of protein carbonyls in low FE mitochondria (Figure 2 ) provides support to this hypothesis. A second possibility for the lower complex activity in low FE mitochondria could be an inherently lower expression of one or more protein subunits within each of the respiratory chain complexes. It is also possible that lower complex activity in low FE could result from oxidative damage to mtDNA or mRNA or be the result of a combination of oxidative damage to mtDNA and mitochondrial proteins combined with inherent differences in protein expression between low and high FE broilers.
Lower complex activities in low FE mitochondria do not appear to be due to lower expression of protein subunits as it was determined that expression of individual respiratory chain proteins were comparable or higher in low FE compared with high FE mitochondria (Table 3, Figure 4 ). Increased expression of proteins in complex III (cyt b, cyt c1, and core I) and complex IV (COX II) associated with low FE was not confined to either mt-or nencoded proteins as cyt b and COX II are mt encoded, whereas core I and cyt c1 are n encoded (Figure 1) . The higher expression of n-and mt-DNA encoded protein subunits suggest that a combination of factors might be involved in the compromised complex activities in low FE birds. Because we have observed protein oxidation specifically within complex III (unpublished observation), it is possible that the higher steady state expression of certain protein subunits might be a compensatory response to oxidative stress. Similarly, higher steady state level of immunoreactive COX II protein subunit (complex IV) has been reported in the breast muscle of oxidatively stressed broilers suffering from pulmonary hypertension syndrome (Iqbal et al., 2002a) .
The relative balance between mt-and nDNA-encoded protein subunits appear to be important for the optimal functioning of mitochondria (Nijtmans et al., 2002) . Elevated ROS or oxidative stress can cause DNA mutations and lead to mistranslated proteins and RNA (Wei, 1998) . Restricted availability of mtDNA-encoded subunits and the occurrence of incorrect subunits have been reported to be responsible for the diminished activities of the respiratory chain complexes and respiration capacity of the mitochondria (Wallace, 1999) . As respiratory chain complexes are assembled from proteins encoded by both mtand nDNA, this raises a question of whether inhibiting mitochondrial or nuclear protein synthesis alone would lead to partial assembly of the mt-or nDNA-encoded subunits into subcomplexes. Recently, Brookes et al. (2002) presented evidence for this in which α-and β-subunits of complex V (ATP synthase), which are nDNA encoded proteins, appeared to assemble into an F 1 ATPase particle in the absence of mtDNA-encoded subunits 6 and 8, which are components of the membrane-bound F 0 domain in liver mitochondria. It appears that specific protein-protein interaction between mitochondrial to nuclear subunits may be required for the optimal functioning of the respiratory chain and the production of energy.
Possibly, the higher steady state expression of 4 protein subunits of the respiratory chain in low FE mitochondria might be due to higher steady state levels of transcription (mRNA), to increased mRNA stability, or some other local phenomenon within the mitochondria. Recently, Zhang et al. (2002) reported that compared with controls, senescent porcine pulmonary artery endothelial cells exhibited greater rate of synthesis of transcription (mRNA) due to increased oxidative stress. Another possibility of differential expression of proteins in the current study might be part of some local phenomenon. The prohibitins/PHB complexes (holdsases/unfoldases) are bound to the inner mitochondrial membrane and bind directly to the newly translated gene products of the respiratory chain to stabilize them against degradation by membrane-bound metalloproteases (Nijtmans et al., 2002) . The prohibitins release translated gene products when there is an imbalance in the mt-and nDNA encoded protein subunits associated with or without metabolic imbalances (Coates et al., 2001; Nijtmans et al., 2002) . The higher steady state levels of the respiratory chain protein subunits in low FE mitochondria may be due, in part, to the release of gene products from the prohibitins in response to low FE-associated higher oxidative stress aimed at repairing or compensating the lower respiratory chain complex activities.
Adenine nucleotide translocators (ANT), also called adenine diphosphate (ADP)/ATP translocases, are located in the mitochondrial inner membrane, and are involved in the exchange of ADP with ATP across the mitochondrial membranes, the predominant direction of exchange with ADP entering mitochondria and ATP exiting mitochondria (Kuan and Saier, 1993; Bernardi et al., 1994) . As ANT1 has been reported to exert a key metabolic control over the energy production of mitochondria (Malgat et al., 2000) , one would expect the higher expression of ANT1 in tissues as an indicator of higher energy demand or production by the animal. Low rates of energy production by the mitochondria have been correlated with slow growth rates in turkeys (Opalka et al., 2000) . In contrast, in the current study a higher expression of ANT1 protein was found in the breast muscle of broilers with low FE compared with high FE (Figure 5 ), which is consistent with some other protein subunits of the respiratory chain (Figure 4) . Although the apparent reasons for this discrepancy are not known at this time, it appears that the higher levels of ANT1 expression in low FE compared with high FE birds may be a part of an overall effort to maintain cellular homeostasis and optimal energy production in a relatively higher oxidative stress environment; however; this attempt may not be without consequences. ADP/ ATP translocases are also implicated in the control of mitochondrial permeability transition, a catastrophic loss of membranes permeability due to efflux of calcium and other vital mitochondrial components that is suggested by recent data from a variety of sources to be a central irreversible step of cell death programs by both apoptosis and necrosis (Richter and Kass, 1991; Breitbart et al., 1996; Petit et al., 1996; Roemer et al., 1997) . Further research is being conducted to determine the importance of ANT in FE.
In a recent study, Iqbal et al. (2002a,b) reported that ubiquitin, a small protein that tags proteins destined to be degraded by proteasomes (20S or 26S) (Mehlhase and Grune, 2002) , was higher in low FE compared with high FE broilers, which further corroborated that there is a higher protein turnover in low FE broilers. Several reports suggest that elevated oxidative stress might be implicated in inhibiting not only the ubiquitin tagging of proteins but also proteasome activities (Hershko and Ciechanover, 1986; Adamo et al., 1999; Okada et al., 1999; Buchczyk et al., 2000; Shang et al., 2001; DeWit et al., 2001; Mehlhase and Grune, 2002) . Either way an increase in oxidative stress, as occurs in low FE broilers, could lead to an accumulation of proteins. Similarly, a decreased 20S proteasome activity was associated with the age-related accumulation of oxidized proteins in epidermal cell in human subjects (Bulteau et al., 2000) . At this point we do not know what proteins are associated with the 47-kDa band in low FE mitochondria (Figure 6 ). Further research is planned to characterize this protein and determine what its role may be in affecting cell function relative to FE.
Respiratory chain complex activities may be linked to the phenotypic expression of FE, and structural and functional integrity of these complexes are vital for optimal energy production for the cell. Although the exact mechanism is yet to be delineated, the higher steady state levels of some of the respiratory chain protein subunits and ANT1 protein in low FE mitochondria may begin to provide clues in understanding the cellular basis of FE. We hypothesize that oxidatively damaged respiratory chain protein subunits could be responsible for reduced activities of respiratory chain complexes and differences in protein expression of low FE birds. In conclusion, the increased expression of certain mitochondrial proteins might be a compensatory response aimed at maintaining the lower respiratory chain complex activity or at overcoming the increased protein oxidation in low FE birds. Alternatively, inherent differences in respiratory chain protein expression might lead to electron leaks and increased protein oxidation and lower function of mitochondria.
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